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The singJc-stranded-DNA-bLndiiig (SSB) proteins from Proteus mirabilis and Serratia marces- 
cens were purified from overproducing Escherichia colt strains, which were devoid of their own 
ssb gene. The strains harboured an etidA insertion mutation and a xonA mutation resulting in the 
absence of endonuclease I and exonucleasc I activities from the preparations. The amino acid se- 
quences of the SSB of all three species are nearly identical in the N-terminal parts of the proteins 
that contain the DNA-binding domain, but differ in the C-leriTiinal parts. Both proteins have an 
apparent binding-site size of 65 and 35 nucleotides at high and low salt concentrations, respectively. 
The association-rate constant for binding to poly(dT) is l.lXt&M * s" 1 for P. mirabilis SSB 
{PmiSSB) and 3.4xlO a M~ t s l for S> marcescens SSB (SmaSSB). These binding parameters are 
very similar to those of E. coli SSB (EcoSSB). The structural similarity of the proteins lb also 
documented by the finding that they can exchange subunils among each other to form mixed 
tetramers. 

The transcriptional regulation of the ssb and uvrA genes from P. mirabilis and S. marcescens in 
SOS-induced E. coli cells was studied using lacZ fusions. While the uvrA genes were inducible, 
there was no induction of the ssb genes transcribed divergently from the uvrA genes. Apparently, 
regions with nucleotide sequence sirnilarity to the E, coli SOS-box preceding the ssb genes of P. 
mirabilis and S. marcescens had no gross effect on the transcription. Studies on growth of the cells 
and recovery from ultraviolet damage indicate that the heterologous SSB proteins support DNA 
replication and recombi national DNA repair of £. coli with the same efficiency as the E coli SSB 
protein. Interactions with other E. coli proteins involved in these processes either do not occur, or 
are not impeded. 



Single-stranded- DNA-binding (SSB) proteins are impor- 
tant components of the macromolecular DNA metabolism of 
all kinds of organisms from viruses to vertebrates. Most of 
our knowledge about these proteins comes from studies on 
two non-related representatives, the gene 32 protein of phage 
T4 (T4 gp32) and the Escherichia coli SSB protein 
(EcoSSB). EcoSSB is essential and has been shown to be 
involved in DNA replication, DNA repair and genetic recom- 
bination (for a review, see Meyer and Laine, 1990). By bind- 
ing of SSB, single-stranded DNA is prevented from forming 
secondary structures and becomes resistant to nucleases. 

Binding of SSB to single-stranded nucleic acids can eas- 
ily be monitored by the intrinsic tryptophan fluorescence of 
the protein. For EcoSSB at 0,3 M NaCI it was found that 65 
nucleotides of poly(dT) are required to saturate a single tetra- 
mer and lead to a fluorescence quench of 90% (Lohman and 
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Overman, 1985). Lowering the NaCI concentration leads to 
a change in binding modes, and at 0.05 M NaCI an apparent 
binding-site size of 33 nucleotides is observed with a fluores- 
cence quench of 50% (Lohman and Overman, 1985). At 
0.3 M NaCI the protein binds to the single-stranded poly(dT) 
in an alrrK>st-diiTusion-controlled reaction (Urbanke and 
Schaper, 1990). For a review of biophysical properties of 
EcoSSB see Lohman et al, (1988), Greipel et at. (1989), and 
Lohman and Bujalowski (1990). 

SSB proteins with a partial amino acid sequence identity 
to EcoSSB have been found to be encoded by a number of 
transmissible ptasmids like the E. coli F-factor (Chase et al., 
1983). Some of them were shown to complement ssb mutants 
of E. coli (Golub and Low, 1985, 1986; Howland et al., 
1989; Porter and Black. 1991). The biological role of the 
plasmid SSB is still unknown. 

We have recently reported the cloning and sequencing of 
two further bacterial ssb genes in addition to the E. coli gene, 
namely those of Serratia marcescens and Proteus mirabilis 
(de Vries and Wacfcernagel, 1993, 1994). In evolutionary his- 
tory, these species have separated from E coli about 200 
million and 400 million years ago (Ochman and Wilson, 
1987), and represent a relatively close and a most distant 
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relative of £, coli among the enterobacteria. The SSB pro- 
teins of these species have 89% (S, marcescens) and 81% (P 
mirabilts) amino acid sequence identity with the E. coli SSB. 

Several authors have studied a possible regulation of the 
ssb gene of E, coli by the LexA repressor. Transcription from 
the ssbp x promoter, which is adjacent to the SOS box of the 
uvrA gene (located close to ssb and transcribed in the oppo- 
site direction as ssb), was inducible, but was accompanied 
by a decreased transcription from the two non-inducible pro- 
moters, ssbP Hl and ssbP^ (Brandsma et aL, 1985). Corre- 
spondingly, the relative rate of synthesis of SSB increased 
slowly, but there was no increase in the level of SSB meas- 
ured in cell extracts (Perrino et aL, 1987). In R mirabilts and 
5. marcescens, the ssb-uvrA region is organized similarly to 
that in E. coli. In the ssb promoter regions of both organisms 
a region with nucleotide sequence similarity to the E, coli 
SOS consensus sequence was previously identified, which is 
not present in the corresponding region in E> coli (de Vries 
and Wackcrnagel, 1993; 1994). 

In this study we investigated the regulation of transcrip- 
tion of the ssb and uvrA genes of R mirabilis and S. matves- 
cans cloned in E. coli, particularly a possible effect of the 
SOS-box -like sequences was examined. Some physiological 
properties of an E. coli jj^-deletion mutant containing the 
SSB proteins from P mirabilis (PmiSSh) or S. marcescens 
iSmaSSB) were also studied. Reactions of the purified pro- 
teins with single-stranded nucleic acids were investigated 
using physicochemical methods. Further, the compatibility of 
SSB protomers from the different organisms was examined 
in a subunit-exchange lest. In addition, the amino acid se- 
quences of the enterobacterial proteins are compared to those 
of plasmid-encoded SSB. The data are discussed with regard 
to the biological roles of SSB proteins in DNA metabolism. 



MATERIALS AND METHODS 
Purification of SSB proteins 

PmiSSB and SmaSSB were purified from the newly con- 
structed strain BT270 which carries a xonA2 mutation (Phil- 
lips et al., 1988) and an endA null mutation (Table 1; Jekel 
and Wackernagel, 1994). In this strain the tetracycline-resis- 
tance determinant from pBR322 was inserted into the Nsil 
site of the endA gene. The strain is therefore deficient for 
exonuclease I and endonuclease I and carries the chromo- 
somal ssb deletion of RDP268 (Porter et al, 1990). The strain 
requires an ssb^ helper plasmid for growth. The helper plas- 
mid pACYOssfc (Porter et al., 1990) was replaced by 
pSBH2c or pSBH4e (Table 1) which carry the ssb genes of 
P. mirabilis and S, marcescens, respectively. This was 
achieved by plasmid transformation and subsequent isolation 
of chloramphenicol -sensitive segregants, which had lost pA- 
CYCssb. The replacement was confirmed by restriction 
analysis of plasmid DNA isolated from the cells. £c<?SSB 
was isolated from JM103 harbouring pSBH5e (Table 1). 

The SSB proteins were purified by the method of Leh- 
man et aL (1986a) with minor modifications from cells 
grown in a 10-1 fermenter (Braun), The preparations were 
about 99% pure as determined by SDS/PAGE and staining 
with Silver Stain (Bio-Rad), The PmiSSB and SmaSSB iso- 
lated from strain BT270 were free of nuclease activity on 
linear single -stranded and double-stranded M13mpl9 DNA 
up to a concentration of 2 pg/pl (the highest concentration 
tested), as determined by agarose-gel electrophoresis of 
DNA, that was incubated with different amounts of the pro- 



teins in 25 rnM Tris, pH 7.5, 12 mM MgCl 3l 3.5% glycerol 
for 2 h at 37 °C. The proteins were stable in storage buffer 
[20 mM potassium phosphate, pH 7,5, 1M NaCl, 1 mM 
EDTA. 60% (by vol) glycerol] at -20°C for at least 6 
months. 

Construction of lacZ fusions for determination 
of the promoter strength 

Several restriction fragments of the ssb-uvrA intergenic 
regions from £. coli y S. marcescens and P mirabilis (Fig. I) 
were cloned in both orientations into the Smal site of the 
promoter test plasmid pTL61T (Linn and St Pierre, 1 990), 
Where necessary, single-stranded overhangs were removed 
by mung-bean nuclease digestion (Gibco BRL). In one orien- 
tation, the transcription towards ssb is measured (pTL-sb 
plasmid series), in the other the transcription towards uvrA 
(pTL-uv plasmid series). The fragments with the complete 
promoter- operator regions of the three species were also 
cloned into the single-copy -number vector ?.TL61 (Linn and 
St Pierre, 1990) using the £coRI- and Xbal sites of the iden- 
tical multiple-cloning sites in both vectors. In the phage vec- 
tor t EcoRl and Xbal are unique sites. Since the single* 
stranded ends produced by these enzymes are not comple- 
mentary, the inserts were ligated into the arms in the same 
orientation as they had in the plasmid vector (with respect to 
the lacZ gene). The correct location and orientation of DNA 
fragments in the clones was verified by restriction analysis. 

For the purpose of measuring the SOS inducibiliry of the 
cloned promoters in the X vector, the phage 21 cl repressor 
of this vector had to be replaced by a repressor which is 
not cleaved upon SOS induction by mitomycin C. This was 
achieved by crossing the taI857 gene (Sussman and Jacob, 
1962) coding for an SOS-induction-resistant, therrnosensitive 
cl repressor into the promotcr^ontaining phages. E. coli 
C600 was used as host for the phage crosses. The descen- 
dants of the cross were plated on 5-bromo-4-chloro-3-indo- 
lyl-j#-r>glactosidase {X-gal)~plates with soft-agar (0.7%) 
containing 120 pg X-gai/ml and E. coli BT124 (Table 1) as 
indicator. After incubation for 16 h at 37 °C, clear blue 
plaques were isolated and purified twice as single plaques. 
The correct size and orientation of the inserts was verified 
by restriction of the phage DNA with EcoRl and Xbal. Cor- 
responding to the plasmids, the promoter test phages were 
termed ?.TL-sb2G\ XTL~sb40 and XTL uv20, XTL-uv40, 
XTL-uv50 (Fig. t). 

Lysogen formation 

Formation of lysogens of BT124 and BT148 (Table 1) 
was carried out as described (Linn and St Pierre, 1990). Ly- 
sogens were identified on agar plates containing X-gal 
(40 pg/ml). To distinguish monolysogens from multiple lyso- 
gens, a terminasc excision test (Mousset and Thomas, 1969) 
was carried out; exponentially growing cultures (2 ml; 29°C) 
of the lysogens at a titre of 2X10*/ml were brought to 10 mM 
MgS0 4 and superinfected with the betcroimmune ATL61 
(phage 21 immunity) at an infection multiplicity of two. The 
cultures were further aerated for 2 h. Then two drops of chlo- 
roform were added and incubation was continued for 1 0 min. 
Descendant phages with X immunity were titred on XTL61 
lysogens of E. coli C600 (Table 1). Monolysogens produced 
about 5X10* phage, while multiple lysogens produced about 
5X10 7 phage with XcI857 immunity/ml in this test. The fi- 
galactosidase activity of identified monolysogens (about 
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Table 1. Strains phage and plasmkfc used In this study. 



E. coli serai n& t phage 
and plasmids 



Relevant genocypeAlescription 



Source or reference 



RDP268 
BT124 
BT148 
IM103 (F ) 

BT270 

ATL61 

Acf857 

ATL61-cl857 

pTLolT 

pRli432 

pBluescript U KS + 

pACYCssb 

pSBH2e 

pSBH4e 

pSBH5e 

P SBL4 

pSBL5 

pTL-sb20 

pTL-sb21 

pTL sb22 

pTL uv20 

pTL-uv22 

pTL-sb40 

pTL-xt>42 

pTL-uv40 

pTL-uv42 

pTL sb50 



pTL-uv50 



J(ssb-uvrA)\ onJy viable with an ssb~ helper ptusmid 
Jlac(V 169); as GW1000, but recA* 
Jtoc{U169); as GW1000, but recA\ lexA3 
endA1\ the strain was cured of the F factor 
by electroporation 

ssb : : Km R , xonA2 , endA : : Tc* ; only viable 

with an ssb* helper p las mid 

promoter cloning phage vector 

cl857-rcpressor (thermosensitive) 

same as but with the AcI857-repressor 

pBR322-derived promoter cloning ptasmid vector 

rruni-F-derived single-copy-number cosmid vector 

high-copy ^number vector 

£ coli ssb + gene in pACYC184 

P. mirabilis ssb* gene in pBluescript 11 K3 + 

S> marcescens ssb* gene in pBluescript KS + 

E. coli ssb* gene in pBluescript H KS + 

5, marcescens ssb" gene in pRE432 

E. coli ssb* gene in pRE432 

P mirabilis, bp 338-599 (Rsal-RsaV) 

R mirabilis, bp 480-623 (Atsel-Msel) 

P mirabilis* bp 338-494 {Rsal-Sau'hAl) 

P. mirabilis, bp 599-338 {Rsal-Rsai) 

P. mirabilis, bp 494-338 {SaulAl-Rsai) 

S. marcescens. bp 290-550 (o'aw3Al^«3Al) 

5. mawjcm, bp 131-437 (Haelll-Rsal) 

S. ma/r<uce/tr t bp 550-290 (Sau3Al-$au3M) 

S> marcescens, bp 437-131 (Rsal~ Hae III} 

bp 85 in uvrA sequence (Husain et al,. 1986) 
to bp 276 in ssb sequence (Sancar et aL. 1981) 
(Mni-PvuH, total length 524 bp) 
E. coli, bp 276 in ssb sequence (Sancar et aj., 1981) 
to bp 85 in uvrA sequence (Husain et ai., 1986) 
(Pvull-Narii total length 524 bp) 



Porter et ah (1990) 
Kenyon and Walker (1980) 
Kenyon and Walker (1980) 
Yanisr>Perron et al. (1985) 

this work 

Linn and St Pierre (1990) 
Sussman and Jacob (1962) 
this wort 

Linn and St Pierre (1990) 

de Vries and Wackernagd (1992) 

Stratagcnc, Heidelberg, Germany 

Porter et al. (1990) 

dc Vries and Wackernagel (1994) 

de Vries and Wackernagel (1993) 

de Vries and Wackernagel (1993) 

de Vries and Wackernagel (1993) 

de Vries and Wackernagel (1993) 

this work 

this work 

this work 

this work 

this work 

this work 

this work 

this work 

this work 

this work 



this work 



ichcme of tfoc inteixtnic region of uvrA and ssb 
and doned fragment* 


dei igEution »f the 
cloned fragments 








P. m. 


S. m. 


& c 


P. m.: 
S. m. : 
( a ) Ect 










— 1 ► 


1020 


<b40 


ib50 








*bZ\ 


■b41 


n.d. 




► 




1022 


Jb42 


n,(L 








uv20 


uv40 


uvSO 


(b) ^ 






uv22 


uv42 


o-d- 



Fig. I, Scheme of the intergente region between uvrA and ssb In P. mirabilis, S. marcescens and E. colL (a) The start sites of the open 
reading frames of uvrA and ssb are indicated. SOS represents the SOS boxes regulating the conscription of the uvrA genes. A second 
region with lower similarity to the E, coii SOS box consensus sequence is indicated by an empty box (in E. colU only the left of these two 
regions is present). The location and direction of transcription of promoters in the three species is indicated by the open arrows, (b) The 
filled arrows indicate the fragments cloned into pTLolT and the direction of transcription measured (i. e. the orientation of the cloned 
fragment in pTL61T). The designation of the cloned fragments is given for P. mirabilis {P nu), S. marcescens (5. m.) or E, coii (£*, c): 
n,d., not determined. 



616 



370 U/A M *> of 1 at a litre of 10*/ml) and multiple lysogens of 
BT124 for XTL-sb40 (about 700 UM^ of 1) confirmed the 
reliability of the lest. As expected, the lysogens were non- 
viable at 42 °C due to induction of the prophage by inactiva- 
tion of the cI857 repressor The EcoRl-restriction pattern of 
the DNA of phage released by thermal induction was iden- 
tical to that of the DNA of the phage used for lysogen forma- 
tion. 

Determination of ultraviolet sensitivity 
and generation time 

The ultraviolet sensitivity and generation time of expo- 
nentially growing cultures of E. coli were determined as de- 
scribed (de Vries and Waclcernagef 1993, 1994). 

Determination of ^-galactosidase activity 
and SOS induction 

The jfr-galactosidase activity of all transcriptional fusions 
was determined by the method of Kenyon et al. (1982). The 
SOS response was induced by the addition of mitomycin C 
(Sigma) to the exponentially growing culrures (final concen- 
tration of 0.5 jag/ml in lexA + strains; 0.1 jig/ml in lexA3 
strains). 

Binding of SSB proteins to single-stranded nucleic acids 

Fluorescence measurements, stopped-flow experiments, 
and inching curves were carried out in a standard buffer con- 
taining 0.02 M potassium phosphate, pH 7.4. 0.1 rnM EDTA 
and NaCl as indicated. Jn fluorescence experiments lOOppm 
Twee n 20 were added. 

Fluorescence measurements were carried out in a Schoef- 
fcl RRS1000 spectrofluorimcter at 22 °C Excitation was at 
295 nm and emission was observed at 350 nm. 

In inverse fluorescence titrations a mixture of protein and 
nucleic acid was added to the protein such that at all points 
the protein concentration was kept constant. Inverse titrations 
are often evaluated with respect to an apparent binding-site 
size using the intersection of the limiting slopes at low and 
high single-stranded DNA/protein ratios. In all titrations the 
absorbance of the solution was below 0.05 at the excitation 
wavelength to avoid inner filter effects. After each addition 
the solution was allowed to equilibrate for 60—600 s until no 
fluorescence change with time could be observed. Theoreti- 
cal binding isotherms were calculated using the mode) of 
Schwarz and Watanabe (1983) for Ihe binding of a multiden- 
tate ligand to a linear polymer as described earlier (Curth et 
al„ 1993). 

Melting curves were measured in a DMR10 (Zeiss) spec- 
trophotometer in standard buffer and 0.1 M NaCl as de- 
scribed earlier (Augustyns et al., 1991). Temperature slopes 
were 20 K/h and no difference could be observed between 
heating and cooling curves. 

Stopped-flow experiments were performed at 22°C in a 
modified version of a Durrum-Gibson stopped-flow appara- 
tus and were evaluated using a model for irreversible binding 
of a multidentate Hgand to a linear polymer, as described 
previously {Urbanke and Schaper, 1990). 

Poly(dT) and poly(dA-dT) were purchased from Phar- 
macia. Poly(dT) had an average length of 1400 bases/strand 
as calculated from the sedimentation and diffusion coeffi- 
cients measured by analytical ultracenlrifugation and dy- 
namic light scattering, respectively. Poly(dA-dT) showed a 



broad distribution in length ranging from several hundred to 
lOOOObp as judged from agarose-gel electrophoresis. Con- 
centrations of poly(dT) and poly(dA-dT) were determined 
photometrically with a molar absorption coefficient of 8600 
M 'era" 1 at maximum (Urbanke and Schaper, 1990) and 
6700 M^cnT 1 at 260 nm (Williams et al. t 1983), respective- 
ly, and are given in monomer units throughout the text. 

Protein concentrations are given in units of tetramers 
throughout the text and were determined using a molar ab- 
sorption coefficient at 280 nm of 113000 M^cnr 1 as deter- 
mined previously (Lohrnan and Overman, 1985) for EcoSSB. 
Since the predicted amino acid sequences indicate that 
EcoSSB, PmiSSB and S/raSSB have no differences in aro- 
matic amino acid composition no differences in the molar 
absorption coefficients at 280 nm are to be expected 

Amino acid sequencing 

Amino acid sequencing was performed with the purified 
proteins with an Applied Biosysterns 477A protein se- 
quencer, 

Subunit-evchange measurements 

The proteins were diluted from stock solutions to a con- 
centration of 100 uM with SBP buffer [20 rnM potassium 
phosphate, pH 7.5, 0.5 M NaCl, 1 nuM EDTA, 20% (by voJJ 
glycerol]. Equal volumes of these solutions were mixed and 
incubated at room temperature for the indicated times. Sam- 
ples were diluted with equal volumes of loading buffer [50% 
(by vol,) glycerol, 0.1 % bromphenol blue]. Samples contain- 
ing 125 pmol of each protein were loaded onto an 0.5% agar- 
ose gel and electrophoresed in 20 mM Tris, pH 7.8, 0.4 mM 
NaAc, 0,2 mM EDTA as described earlier (Lohman ct ah, 
1986b). The gel was stained with Cooniassie Blue for 1 min 
and destained in 7% (by voh) acetic acid at room temperature 
for several days. 



RESULTS AND DISCUSSION 

Analysis of the expression and regulation 
of ssb and uvrA genes 

The analysis of the nucleotide sequence of the intergenic 
region between ssb and uvrA had revealed two sequences in 
both S. marcescens and P. mirabtlis, with similarity to the 
E. coli SOS box (de Vries and Wackernagel, 1993, 1994; 
EMBL accession numbers X65079, X65080). SOS boxes are 
operators where the Lex A repressor binds regulating the 
expression of genes of the SOS regulon (Walker, 1984). In 
both species the nucleotide sequence similarity of the SOS- 
box-Uke sequence that overlaps with the uvrA promoter to 
the E. coli SOS consensus sequence (TACIGIATATA-A- 
ACAQTA) was high [TACTQQATATCCATTCAQGT (5. 
marcescens). TACTQTATATCCATTCAGCT (R mirabUis)], 
and less high for the other one that overlaps with the ssb 
promoter region [GTGJ^TTTCGTACTCAQCG (5. mar- 
cescens). TCCKlTTCTCAATGOAGAA (R mirahilis)]. 

To determine the strength of the promoters and to identify 
a possible regulation by the LexA repressor, transcriptional 
lacZ fusions were constructed and expressed in E. coli Frag- 
ments containing the entire intergenic region as well as 
smaller fragments containing either of the two SOS-box-like 
sequences were subcloned into the promoter- analysis vector 
pTL61T (Linn and St Pierre, 1990). Pig. t shows a scheme 
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Table 2. //-galuctosid&se activity of transcriptional fusions of ssb and uvrA promoters in pTL61T. The designation of the plasmids is 
described m Fig. 1. The determination of ^-gaJactosidasc activity was performed by the method of Kenyon et aL (1982). The induction 
factors were calculated by division of induced by uninduced /f-galactosidase activity of the lexA + strain, separately for 1 h and 2 h after 
induction. The value* in parentheses were determined similarly for the uninducible lexA3 mutant The data arc means from three experiments 
(± the standard deviation). 



Plasmid /? galactosidase activity of uninduced cultures Induction factor in iexA ' (in lexAl) 

after induction for after induction for 





Oh 


1 h 


2h 






lb 


2 h 






lOOOU/A^oof t 
















pTL~sb20 


9.0 ± 0.9 


8.9 ± 0.8 


12.0 


± 


0.8 


0.8 ±0.1 (0.7) 


0.6 ± 


0.2 (0.7) 


pTL-sb21 


9.2 ± 2.2 


9.9 ± 0,2 


14,6 




0.5 


0.9 ± 0.1 (0,8) 


1.2 ± 


0.1 (0.5) 


pTL-sb22 


6.0 ± 1.6 


5.6 ± 0.7 


9.4 


± 


2,1 


1.6 ±0,1 (1.2) 


1.4 ± 


0.2 (0.7) 


pTL uv20 


4.8 ± 0.1 


4.2 ± 0.7 


5.5 




1.1 


13 ±0.1 (1.0) 


1.5 ± 


0,1 (0.6) 


pTL-uv22 


5.0 ± 0.5 


4.8 ± 0.2 


8.1 




0.3 


1.4 ±0.3 (0,4) 


1.1 ± 


0.1 (0.6) 


pit sb40 


7.6 ± 0.8 


9.3 ± 0.1 


14.5 




1.0 


10 ± 0.1 (0,8) 


1.1 ± 


0.1 (0.7) 


pTL-sb41 


9.0 ± 0.1 


10.7 ± 0.4 


15.3 




0,2 


0.9 ± 0.1 (1.0) 


1.0 ± 


0.0 (0.6) 


pTL-sb42 


0.4 ± 0.0 


0.6 ± 0.0 


0.9 


± 


0,0 


1.1 ± 0,1 (0.7) 


1.0 ± 


0.0 (0.7) 


pTL-uv40 


6.6 ± 0.1 


7.0 ± 0.6 


9.6 




1.1 


2.2 ± 0.4 (0.6) 


2.6 ± 


0.3 (0.6) 


pTL~uv42 


8.3 ± 1.5 


6.8 ± 0.4 


11.1 


± 


0,7 


2,0 ± 0.5 (0.6) 


2.1 ± 


0.0 (0.7) 


pTL-sb50 


7.1 ± 0,6 


9.2 ± 0.4 


15.4 


± 


0.9 


1.2 ±0.2(1.1) 


0.9 ± 


0,3 (0.9) 


pTL-uvSO 


1 3 ± 0.2 


1.3 ± 0.4 


4.6 


± 


0.4 


3.2 ± 0.2 (1,2) 


2.2 ± 


0.3 (i.l) 


P TL61T 


0.7 


0.7 


1.2 






1.0 (1.0) 


0.9 


(0.9) 



of the various cloned regions and the designation of the plas- 
mids containing the fragments. With each of these plasmids 
the ^-galactosidase activity was cktermined under non-in- 
duced conditions and after SOS induction by mitomycin C 
(see Materials and Methods), both in a texA* strain and a 
non-inducible lexA3 mutant 

The /?~galactosidase activity obtained with the pTL~sb 
plasmids from R mirabilis, S. marcescens and £, colim unin- 
duced cells at a titre of about 107ml was in the range of 
about 6-9000 U/A^ of 1 with all of the pTL-sb plasmids 
(Table 2). Only pTL-sb42 gave a low level of activity as 
the promoteriess vector pTL61T. It was concluded that no 
transcription towards ssb was initiated from the 5. marces- 
cens region containing the uvrA promoter and SOS operator 
sequences. In this respect, 5. marcescens differs from E. coli, 
where transcription towards ssb is initiated by a promoter 
adjacent to the uvrA SOS box (Brandsma et aL, 1985). 

Transcription towards uvrA produced HOOU/A^ of \ 
from the E . coii promoter (pTL-uv50), 4800 from the R mi- 
rabilis promoter (pTL-uv20) and 6600 from the S, marces- 
cens promoter in pTL-uv40. Similar results were obtained 
when the smaller fragments with only me uvrA promoters 
were employed (Table 2). 2 h after induction with mitomycin 
C the cultures entered the stationary phase, and the /?-galac* 
losidase activity increased gradually with all of the plasmids. 

The induction factors (level of induced activity divided 
by uninduced level) obtained with mitomycin C induction 
are shown in the right two columns of Table 2. In a lexA~ 
background the P mirabilis ssb promoter in pTL-sb22 was 
inducible (by a factor of 1.6). The lacZ expression from the 
larger fragment contained in pTL-sb20 was not inducible, 
rather it was slightly reduced after application of mitomycin 
C A similar observation was made in & coli, where the 
induction of the ssbP t promoter was accompanied by a 
decrease of the transcription from ssbP^ and ssbP^ (Brand- 
sma et aJ.» 1985). The expression towards ssb in the other 
constructs with promoters of £. coii, R mirabilis and 5. 
marcescens was not inducible (Table 2). 



In contrast, transcription towards uvrA was induced by 
mitomycin C in constructs with the uvrA promoters of R 
mirabilis (by a factor of 1.5), & marcescens (by a factor of 
2.6) and E. coli (by a factor of 3,2), which is in accord with 
published data on E coli (Kenyon and Walker, 1980). The 
inducibtiity was abolished in lexA3 cells (in which the LexA 
repressor is not cleaved due to a mutation), indicating that 
the SOS boxes at the uvrA promoters of P. mirabilis and S. 
marcescens were recognized by the E. coli LexA repressor. 

The observed absent or low SOS induction of the ssb 
genes may result from the use of the multicopy vector 
pTL61T, which might titrate the Lex A repressor by the high 
number of SOS boxes/cell. Therefore, the insert fragments 
with the complete promoter regions were also cloned into the 
single-copy^ number vector >.TL6l . However, the results of 
^-galactostdase-activity determinations with the phage vector 
(Table 3) after SOS induction gave an induction pattern in 
lexA^ and lexA3 cells similar to that obtained with the 
multicopy vector. Again, the .i^prorooter regions of S. 
marcescens and R mirabilis (XTL-sb20 and XTL-sb40) did 
not display any inducibility. 

The results suggest that the SOS-box-like sequences pre- 
ceding the ssb genes of R mirabilis and S- marcescens have 
no gross effect on the ssb gene expression in SOS-induced 
E. coli cells. Possibly, the similarity of the SOS-box-iike se- 
quences of P. mirabilis and S. marcescens to the E. coli SOS 
consensus sequence is not sufficiently high to allow efficient 
binding of the E. colt LexA repressor. This would leave open 
the possibility that these putative SOS boxes have a regula- 
tory function in R mirabilis and 5. marcescens. Expression 
of the nucA gene of S. marcescens, which is also preceded 
by an SOS-box-like sequence, is inducible in 5. marcescens , 
but not in E, coli (Ball et aL, 1990), The uvrA genes of R 
mirabilis and S, marcescens are inducible in E. coli h although 
not to (he same degree as the E. coli uvrA gene (Tables 2 
and 3). The lower induction factors could result from devia- 
tions in the nucleotide sequence of the SOS boxes in S mar- 
cescens and P. mirabilis from the E. coli SOS box consensus 
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Table 3, /f-galactosidase activity of transcriptional fusions of ssb and uvrA promoters In the single-copy-number vector XTL617. 

For further details, sec the legend to Table 2. 



Lysogen 


/7-gaJactosid»se-activity of urrinduced cultures 
after induction for 


Induction factor in UxA* (in UxA2>) 
after induction for 








Oh 1 h 2h 3 h 


th 2h 


3 h 





V/Aaa of 1 



XTL sb20 400 ± 34 380 ± 36 470 ± 36 560 ± 88 0.9 ± O.t (0.9) 0.9 ± 0.0 (1 .0) 0.9 ± 0.1 (1.0) 

aTL-uv20 76 1: 04 86 ± 03 110 ± 07 140 ± 07 1.3 ± 0.1 (1.0) 1.4 ± OJ (1.0) 1.5 ± 0.0 (1.0) 

XTL-sb40 370 ± 45 310 ± 32 380 ± 17 450 ±40 1.1 ± 0.1 (1.1) 1.0 ± 0.1 (0.9) 0.8 ± 0.2 (0.4) 

XTL-uv40 300 ± 09 280 ± 04 320 ± 04 330 ± 10 1.8 ±0.0 (1.0) 3.1 ±0.0 (1.0) 3 6 ± 0.1 (1.0) 

XTL-uv50 140 ±01 110 ±10 130 ±15 140 ± 12 1.7 ±0.1 (0,8) 3.2 ± 0.1 (1.0) 4.9 + 0.1(1.0) 

XTL6l-cl857 71 58 78 84 1.1 (1.0) 1.0 (1.0) 1.0 (1.0) 



sequence. The SOS regulons of the three enterobacterial spe- 
cies are apparently similar* but they are probably not iden- 
tical. The determination of the nucleotide sequences of more 
SOS boxes from S. marcescens and P. mirabilis would be 
necessary for establishing the SOS consensus sequences for 
these species. 



Comparison of the amino acid sequences 

of ehrornosornaUy and plasmid -encoded SSB proteins 

In E, coli the N terminal methionine residue of £coSSB 
is cleaved post-translationally (Sancar et aL, 1981). From the 
determination of the N-terrninal amino acid sequences of 
Fmj'SSB and SmaSSB expressed in E. coli the same cleavage 
of methionine can be shown. The alignment of the amino 
acid sequences of the bacterial SSB proteins with those of 
five SSB proteins encoded by transmissible plasraids (Fig. 2) 
indicates that all eight proteins are nearly identical up to po- 
sition 88. Amino acids that are presumed to be involved in 
tetramer formation (His55; Williams et ai, 1984; Curth et 
aL 1991) or DNA binding (Trp40 t Trp54, Phe60, Trp88; 
Meml et aL, 1984; Casas-Finet et aL, 1987; Khamis ct aL, 
1987; Curth et aL, 1993) of the EcoSSB are found at iden- 
tical positions within all eight proteins. The C-terminaJ third 
is more variable within each group, and between both groups 
the amino acid sequence similarity is low. From position 
114—177, there are only three stretches of 4, 3 and 5 amino 
acids, starting at positions 136, 149, and 173, that axe highly 
conserved in all eight SSB proteins. Other regions are highly 
conserved within a group, but are completely different be- 
tween both groups. This pattern of regions with high and Jow 
amino acid sequence similarity may reflect the evolutionary 
relatedncss of SSB, i. e. differences would indicate positions 
not essential for the structure and functioning of the proteins. 
However, it is possible thai the regions with low or no se- 
quence similarity between bacterial and plasmid-cncoded 
SSB have different functions in both groups (Chase ef aL, 
1983). 

Compared to the other SSB proteins, the E. coli SSB 
contains an apparent insertion of six amino acids at positions 
126-131 (the S. marcescens protein has a smaller insertion 
of three amino acids at the same position). This insertion 
could be a duplication of the nucleotide sequence that imme- 
diately follows, encoding the amino acid sequence 
GWGQPQ. Only three nucleotides are different, which re* 
suits in the replacement of W by G. The duplication produces 
a further copy of the sequence GQPQ T which is one of the 



three conserved regions in the C-tcirninus among all eight 
proteins. 



DNA binding by the SSB proteins 
from 5, marcescens and P mirabilis 

One of the most important biophysical properties of SSB 
proteins is their ability to destabilize double-stranded nucleic 
acids. Fig. 3 shows the destabilization of alternating po- 
ly(dA-dT) by both SmaSSB and Pm/SSB. From the relative 
transition midpoints one sees directly that both proteins dras- 
tically destabilize poly(dA-dT) and that the double-strand- 
destabilizing ability of SmaSSB is somewhat higher than that 
of PmiSSB, Under the same conditions the transition mid- 
point of EcoSSB is at 48°C which is almost equal to that of 
PmiSSB. 

For EcoSSB the binding to single-stranded nucleic acids 
has been investigated with various substrates with the affinity 
decreasing in the order poly{dT), phage single-stranded DNA 
(fd, tfX174), poly(dC), poly(dCdT), poly(dA,dC), polyfrU), 
poly(dA), polyribonucleic acids (Overman et al., 1988; 
Greipel et. al, 1989). Since poly(dT) shows the strongest 
binding to EcoSSB it is especially suited to measure the 
binding-site size. However* this strong binding prevents the 
determination of binding affinities. In inverse titrations at 
0.3 M NaCl in standard buffer 65 nucleotides of poly(dT) are 
covered by a single £coSSB tetramer leading to a fluores- 
cence decrease of the protein by 90% (Lehman and Over- 
man, 1985; Bujalowski and Lohrnaru 1986; Bujalowski et 
aL, 1988), Ftg. 4 shows fluorescence titrations for SmaSSB 
and PmiSSB under the same conditions. Binding- site size 
and fluorescence quench arc similar to EcoSSB with only 
minor differences. For EcoSSB a binding- mode transition 
has been shown when changing the ionic environment from 
high salt (^ 0.3 M NaCl) to low salt (^0.05 M NaCl) where 
the apparent binding-site size decreases from 65 to 33 nucle- 
otides/tetramer (Lohman and Overman, 1985; Bujalowski et 
aL, 1988), A similar transition is observed for PmiSSB and 
SmaSSB (Fig. 5). 

The kinetics of binding to poly(dT) can be observed by 
fluorescence changes in a stopped-flow experiment. Using a 
kinetic model for the binding of a multideniate ligand to a 
linear polymer described earlier (Urbanke and Schaper, 
1 990) the association-rate constants for the binding of a pro- 
tein tetramer to its binding site was determined to be 
(3.2 + 0.4)xlO s M- 1 s- 1 for PmiSSB and (3,4±04)X10 h M _t 
s" 1 for SmaSSB. These values do not differ significantly 
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Fig. 2. Alignment of SSB proteins from enterobecterta and eonjujsalive plasmids F (Chase et al-, 1983), pIP231a, plP7Ta, R64 
(Ruvoto et aJ~, 1991) ami CoJIb-P9 (Howfand et al^ 1989). The alignment was performed with the program MULTALIN (Corpet, 1988) 
using the Dayhoff-matrix (Dayhoff, 1978) and a gap-penalty of 8. The sequences arc arranged in two groups (bacterial and plasmid SSB). 
In each group, conserved amino acids are shown in bold type. (*), Positions of identity between both groups (amino acids which are 
identical among of et least 50% of the members of each group). The number of amino acids of each protein {# aa) and the percentage of 
amino aeidi identical to the £L colt protein (aa identity) are given. 
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Fig. 3. Melting profiles of poiy(dA-dT) and its complexes with 
PmiSSB and SmaSSB. 38,0 potytdA-dT) alone [d(AT)J and 
with 13 uJvl Fmr'SSB (Pm) or SmaSSB (Sra) respectively in stan- 
dard buffer at 0.1 M Nad Transition midpoints are at 61 °C frf(AT)L 
47 C fPm), and 45 °C (Sm). Absorbance changes were measured at 
260 run. 




00 00 !00 

[dT}/[SSB] 

Fig. 4. Inverse fluorescence titration of PmiSSB <•) and 5WSSB 
(A) with poIy(dT). 031 uM SSB protein (te trainer) were titrated 
with poty(dT) at 0.3 M NaO in standard buffer. The binding-site 
size and fluorescence quench were calculated to be 66 nucleotides/ 
tetramer and 89% for PmiSSB, and 65 nucleoddes/Tetramer and 90% 
for SmaSSB 
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Fig* 5. Inverse fluorescence til rati on of 0.18 pM PmiSSB (#) and 
0,15 uM SmaSSB (A) with poty(dT) at 1 raM NaCI, 1 mM potas- 
sium phosphate, pH 7.4, 0.1 mM EDTA and 100 ppm TweenKk 

The binding site size was estimated from the limiting slopes to be 
37 residues for PmiSSB and 36 residues for SmaSSB, respectively, 



from the values determined for EcoSSB (Urbanke and 
Schapen 1990). 

Subunit exchange 

Evidence for the structural and functional similarity of 
the various SSB proteins would be their ability to form 
mixed terramers with each other. Different electrophoretic 
mobilities in a non-denaturing agarose gel can be used to 
separate homogeneous and mixed tetramers- SSB proteins, 
due to the highly charged C- terminus, have a net negative 
charge, PmiSSB having one acidic residue more than 
EcoSSB and SmaSSB can he separated from the latter two 
proteins. To obtain differences in electrophoretic mobility be- 
tween EcoSSB and SmaSSB we used a deletion mutant of 
£c<?SSB (£VoSSBAll6— 167) having the same net charge as 
wild -type fvcoSSB but a reduced molecular mass and thus 
higher electrophoretic mobility. ZfctfSSBAl 16- 167 cannot 
be separated, however, from PmiSSB. 

As shown in Fig. 6 the different SSB proteins form mixed 
terramers when incubated for 65 h at room temperature. In 
a time- resolved exchange experiment between PmiSSB and 
SmaSSB the first mixed tetramers appeared after 12 h (data 
not shown). There is no preference for the homotetramers in 
the exchange experiments. We therefore conclude that the 
mechanism of interaction in forming the tetramer must be 
virtually identical in all SSB proteins investigated. If the ex- 
change was statistically random, a 1 : 1 mixture of SSB pro- 
teins A and B should form five types of tetramers (A*, A y B, 
AjB 2 , ABi and B 4 ) in a binominal distribution 1:4:6:4:1. 
This behaviour has been shown for lactate dehydrogenase 
( Vfarkert , 1963), which is a tetramer formed by two electro- 
pborcticaJIy distinguishable subunils. The relative intensities 
of the different bands in Fig. 6 show* however, that the 
amount of the A Z B 2 type is far more than 50% larger than 
that of the corresponding A 3 B or AB 3 heterotctramcrs. This 
observation can be explained if the exchange is preferentially 
between dimers and not monomers, This explanation agrees 
well with the fact that EcoSSB crystals show a £> 2 symmetry 
(Hilgenfeld et al., 19S4) and suggest a dimer-of-dimers struc- 
ture for the tetramer Tetramers which contain two dinners of 
two different species could then very well be more prominent 
than 1 : 3 mixed tetramers. One might speculate mat different 
structural domains in the monomer might be responsible for 




Fig, 6* Subunit exchanges between different SSB tetramers, 

Agarose-gel electrophoresis of different proteins mixed together in 
equimolar amounts and incubated at 23 °C for 65 h, or put immedi- 
ately onto die gel (0 h), and unmixed proteins. From top to bottom : 
PmiSSB with £t^SSB, 0 h, PmiSSB with EpoSSB y 65 h; £ct*SSB 
aione; PmiSSB alone; PmiSSB with SmaSSB, 65 h; PmiSSB with 
SmaSSB. Oh: SwiSSB alone; SmaSSB with Ea?SSB(All6- 167), 
65 h; SmaSSB with EcoSSB(Ail6-167), 0 h ; EcoSSB(A116- 167) 
alone; £coSSB with £coSSB(Ali6- 167), 65 h; £coSSB with 
£fc<?SSB(A1 16-167), Oh. 



dimer and tetramer formation. Experimental results which 
show no detectable amounts of dimers in the dissociation of 
£wSSBH55Y {ssb-I) (Bujalowski and Lehman, 1991) do 
not contradict this interpretation since in both cases the di- 
meric state is only a transition state in either dissociation or 
subunit exchange and is not significantly populated com- 
pared to monomers or tetramers Furthermore the compa- 
tibility of the SSB summits from different species differ- 
ing mainly in their C-terrninal sequence and that of 
£coSSBA116-167 indicates that tetramer formation is inde- 
pendent of the C-terminal amino acids. 

Complementation of E. coli mutants 

by the ssb genes of P. mira bills and S. marc esc ens 

The construction of an ssb deletion mutant, which is via- 
ble only when bearing a helper plasmid with an ssb gene 
(Porter et aU 1990) has made complementation studies with 
heterologous ssb genes possible (no EcoSSB is present). Pre- 
viously, the presence of ssb- J or ssb- 11 3 alleles (point mu- 
tations) in E. coli precluded correct interspecies complemen- 
tation studies. The deletion mutant was used to determine the 
generation time and ultraviolet resistance of E. coli cells with 
PmiSSB or SmaSSB, as measures for the function of Jhese 
proteins in DNA replication and repair. 

The generation time of B, coli RDP268 (Assb) carrying 
the S, /nance sc ens ssb gene on the single-copy- number 
plasmid pSBL4 (Table 1) was 20.7 ±0.8 min, compared to 
20,9 ± 0.6 min with the E. coli ssb gene on the same vector 
(plasmid pSBL5; Table 1). With PmiSSB the generation time 
was 20.5±0.5 min (de Vries and Wackernagel 1994). Thus, 
both heterologous SSB proteins can efficiently replace the 
EcoSSB in its function in DNA replication, 

The ultraviolet sensitivity of E. coli RDP268 with p*SBl,4 
or pSBL5 is shown in Fig. 7. In the ssb-uvrA deletion mutant, 
the recovery from ultraviolet damage depends on recombina- 
tional repair due to the lack of the UvrA protein required for 
excision repair. SmaSSB promotes DNA repair in uvrA cells 
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Fig. 7. Ultraviolet sensitivity of E, coU uvrA-ssb (RI>P268: Table 
1) with the ssb genes of S. marcescens (located on pSBL4; A) or 
E. coli (located on pSBLS; The curves are means from three 
experiments. The error bars indicate standard deviations. 



with the same efficiency as EcoSSH. This was also the case 
for PmiSSB (de Vries and Wackernagel, 1994). Thus, the 
differences in the amino acid sequences of the three entero- 
bacterial SSB have no measurable effect on replication and 
recombi national repair in E. coli, The high similarity of the 
physicochemicat properties of the proteins (see above) is 
probably the basis for the full support of replication atid re- 
combinational DNA repair in E, coli by the three proteins. 

Lf interactions of SSB with other components of the 
macro molecular DNA metabolism exist, tbey seem not to be 
species specific, because the function of the Eco&SE can be 
ful!y replaced by SmaSSB or PmiSSB. In previous experi- 
ments, in which other enzymes of the macromolecular DNA 
metabolism were exchanged between the three species, evi- 
dence for species- specific interactions between RccA and 
RecBCD enzymes was obtained (Rinken et ah, 1991 ; de 
Vries and Wackernagel, 1992). The tolerance for non-cognate 
SSB proteins as observed here would also be expected if no 
interactions of SSB with other enzymes exist. 
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